Gut-brain signaling plays a central role in a range of homeostatic processes, yet details of this cross-talk remain enigmatic. In this issue of Cell, Bellono and colleagues identify a variety of luminal stimuli acting on serotonin-secreting enteroendocrine cells and, for the first time, demonstrate a functional synaptic interaction with neurons.
Gut-brain signaling plays a central role in a range of homeostatic processes, yet details of this cross-talk remain enigmatic. In this issue of Cell, Bellono and colleagues identify a variety of luminal stimuli acting on serotonin-secreting enteroendocrine cells and, for the first time, demonstrate a functional synaptic interaction with neurons.
The inner lining of the human intestinal epithelium-with a surface area of over 100 m 2- faces a complex mixture of chemicals and microbes. The single-cell layered epithelium not only protects the body from the potentially hostile contents, but it also senses the composition of the luminal matter. Central players in this function are believed to be the rare enteroendocrine (EEC) cells that respond to nutrients and microbiota-secreted molecules. While EECs only represent 1% of the cells of the epithelium, the sheer size of the gastrointestinal tract, which is the largest endocrine organ, makes these cells major contributors to endocrine physiology. The peptide hormones and neurotransmitters secreted by EECs such as glucagon-like peptide 1 (GLP1) and serotonin modulate a wide range of physiological processes, including gut motility, insulin secretion, gastric emptying, and satiety (Gunawardene et al., 2011) . Although the effects of these signaling molecules on whole-body physiology are well established, their exact site(s) of action remains to be identified, as the individual receptors for EECsecreted hormones are expressed in multiple cell types and tissues. In particular, short-range signaling of EECs to the intramural neuronal network of the gut has been difficult to assess due to the diversity of EEC types, which each occur in-sometimes vanishingly-low numbers. Neurons express multiple receptors for hormones produced by EECs and can extend nerve fibers toward the epithelial layer; they may therefore respond to a wide range of signals that emanate from the intestinal lumen (Furness et al., 2013) . It has remained unclear whether EEC-secreted molecules merely diffuse to neurons or whether directed signaling occurs through EEC-neuron synapses. The latter hypothesis is supported by anatomical evidence, but functional signaling through these synapses has not been demonstrated (Bohó rquez et al., 2015) . In this issue of Cell, Bellono and colleagues resolve this issue for at least one of the EEC types (Bellono et al., 2017) . They identify multiple luminal molecules that are sensed by the serotonin-producing subset of EECs, the so called enterochromaffin (EC) cells and that modulate serotonin release by the latter. For this, EC cells directly communicate to neurons through a synaptic interaction.
The authors set out to conduct extensive electrophysiological analysis of EC cells. Whole-cell patch clamp recording of primary intestinal epithelium as well as of cultured ''mini-guts'' indicated that these cells are electrically excitable through the action of voltage-gated ion channels. While EC cells produce more than 90% of the total body serotonin, relatively few modulators of serotonin release by these cells have been described. Gut serotonin is mainly known for its role in peristalsis and is implicated in multiple bowel diseases. Thus, manipulation of the release of this transmitter may be of therapeutic interest (Gershon and Tack, 2007) . To identify what stimuli are sensed by EC cells, the authors utilize murine intestinal organoids. This long-term in vitro expansion system represents an accessible miniature model for the study of all gut epithelial cell types, such as the development of EECs (Basak et al., 2017) . Thirty different compounds, including microbiota-and immune-cellreleased molecules, were tested for their capacity to elicit calcium responses in organoids. This screen revealed that isovalerate, allyl isothiocyanate (AITC), and several catecholamines activate EC cells. The fatty acid isovalerate is produced by microbiota, while AITC is a compound of mustard and wasabi and responsible for their pungent taste, highlighting the broad sensory repertoire of EC cells.
The study next focused on the identification of EC sensory receptors through RNA sequencing of sorted cells from mouse tissue. The somatosensor and ion channel TRPA1 and olfactory receptor 558 (Olfr558) were identified as receptors for AITC and isovalerate respectively, while the receptor-operated ion channel TRCP4-in conjunction with adrenoreceptors-senses catecholamines. These receptors modulate Ca 2+ influx to induce release of serotonin. The authors used elegant pharmacological and genetic approaches in organoids to demonstrate that these receptors represent non-redundant sensors of the assessed ligands. The role of Olfr558 as an EC sensor adds to recent work on functions of olfactory receptors outside the olfactory epithelium: the carotid body regulates ventilation during exercise by sensing lactate through Olfr78, the closest relative of Olfr558 (Chang et al., 2015) . To date, Olfr78 and Olfr558 represent the best examples of olfactory receptor activity outside the olfactory epithelium. Yet, this gene family comprises more than 8oo receptor genes in humans; other members may be responsible for sensing a plethora of signals to regulate EEC activity. In line with previous research on other EEC subtypes, the authors demonstrated the presence of presynaptic proteins in EC cells. Nerve fibers immediately adjacent to EC cells expressed the serotonin receptor 5-HT 3 R as well as postsynaptic proteins. To demonstrate synaptic signaling between these cells, colon with intact neurons was prepared from mice, after which different EC stimuli were applied to the lumen. Electrical recording of afferent nerve fibers showed neuronal activity upon application of norepinephrine and the Olfr558 agonist isovalerate (Olfr558 is not expressed by isolated neurons). These responses were blocked by a 5HT 3 R inhibitor, confirming that ECs form synaptic contact with sensory neurons utilizing serotonin as neurotransmitter. In line with the extensive heterogeneity of other EEC cells, the authors show that not all ECs respond similarly to the assessed stimuli and that they express different sets of hormones in addition to serotonin. It seems likely that this heterogeneity extends to the responding neurons to create a complex sensory network.
Advanced imaging techniques of secretory vesicles and single-cell RNA sequencing have revealed that almost every combination of hormones can be found in EECs (Fothergill et al., 2017) . Interestingly, there is compartmentalized expression of EEC hormones along the intestinal crypt-villus axis (Figure 1 ) (Grunddal et al., 2016; Roth and Gordon, 1990) , possibly related to differential exposure of EECs to luminal signals in the crypt versus villus and the roles of these hormones. It will be particularly interesting to study the duration of synaptic interactions between EECs and neurons. All epithelial cells are formed from stem cells at the crypt base, after which they migrate toward the villus tip in a conveyor-belt-like fashion, all within a matter of days. Yet, previous research has shown that EECneuron interactions can be maintained for days in vitro (Bohó rquez et al., 2015) . It is conceivable that robust synaptic interactions can retain EEC cells for longer periods at the same position orcontrarily-that the mass migration of EEC cells imposes a dynamic pattern of synapse formation and disassembly.
This paper illustrates the utility of the organoid system to identify potential stimuli for EECs. It will be of great interest to apply the experimental approaches to intestinal organoids derived from-healthy or diseased-humans. This will shed light on the repertoire of molecules sensed by human EECs and the hormones and neurotransmitters that are secreted as their response. Next, manipulation of the gut-brain-pancreas axis through these molecules could be used to influence food intake and glucose processing and, in the case of serotonin, gut motility. These insights may therefore hold great therapeutic promise for the treatment of obesity, diabetes, or defects in gastrointestinal motility. utilize the murine intestinal organoid system to identify molecules that activate serotoninproducing EC cells. Calcium recording after addition of a library of molecules to organoids showed a variety of stimuli that can induce EC activation, normally found in food (AITC), released by microbiota (Isovalerate) or that are endogenously produced (Catecholamines). RNA sequencing revealed a set of receptors that could render EC cells sensitive to these stimuli, and genetic and pharmalogical inhibition confirmed their role as EC sensors. (B) Serotonin release from EC cells (red) is induced through a calcium influx after ligand-receptor interaction, in this example the binding of Isovalerate produced by microbiota to Olfr558. Serotonin from EC cells causes activation of afferent nerve fibers through synaptic interactions.
